Abstract-This paper presents a study on supply and demand side flexibility resources assessed for two South African power system expansion scenarios with high penetrations of variable renewable energy. The demand response opportunities associated with residential water heating as well as plug-in electric vehicles are included in order to demonstrate demand-side flexibility options. Supply-side options are based on existing and optimally deployed new-build generation technologies. The scenario based results indicate that the combination of cost reductions in wind, solar PV and stationary storage (batteries), results in economic deployment of batteries in South Africa. Battery storage complements flexibility provided by demand response and supplyside options. A notable outcome is the displacement of gas-fired turbines by batteries when assuming cost reductions for batteries in the future. Finally, despite the extensive deployment of battery storage, a significant 55 TWh of energy from solar PV and wind is curtailed. Therefore, effective sector-coupling could make extensive use of this curtailed energy in a number of ways to be identified as part of future research.
I. INTRODUCTION
T HE projected growth in South Africa's electricity demand over the next 20 years, coupled with the planned decommissioning of the country's existing generation fleet, will create a supply gap that must be addressed through the construction of new power generation capacity. Long-term capacity expansion planning is required to determine the optimal mix of new-build technologies that should be constructed in order to provide the required system adequacy (energy and reserve provision) at least-cost, while meeting South Africa's commitments to reducing greenhouse-gas emissions.
A comparison of the Levelised Costs of Electricity (LCOE) of different new build generator technologies is presented in Table I . The LCOE for renewable energy generators (concentrating solar power (CSP), solar PV and wind) are based on the latest auction bids that were achieved in November 2015 through the Renewable Energy Power Producer Procurement Programme (REIPPPP). Conventional generator LCOE is based on assumed costs and capacity factors. Due to South Africa's extensive solar and wind resources, coupled with rapidly decreasing technology costs, solar PV and wind are Manuscript received April 7, 2018; revised December 21, 2018. All authors with the Energy Centre, Council for Scientific and Industrial Research, Meiring Naude Road, Brummeria, 0001, South Africa. Corresponding author is Peter Klein (email: PKlein@csir.co.za, +27 12 841 4132), Clinton Carter-Brown (email: CCarterBrown@csir.co.za), Jarrad G. Wright (email: JWright@csir.co.za), Joanne R. Calitz email: JRCalitz@csir.co.za) now the least cost generators of bulk electricity with an LCOE of R0.62/kWh (Apr-2016 Rand), which is 38% lower than new build coal generators.
A power grid characterised by an increasing penetration of variable renewable energy (VRE) generators such as solar PV and wind, requires the flexibility of the grid to be improved in order to ensure the matching of instantaneous supply and demand. This grid flexibility can be provided through a number of approaches, including: (1) demand-side management, (2) flexible generation, (3) energy storage (4) sector coupling and (5) grid expansion.
Flexible generation typically needs to be deployed for system level balancing. The LCOE for natural gas fired turbines as a source of flexibility are based on imported Liquefied Natural Gas (LNG) at an assumed cost of R150/GJ, which yields an LCOE of R1.41/kWh for mid-merit CCGTs and R2.89/kWh for peaking OCGTs. Should alternative flexibility technologies, such as battery storage, be available at a lower cost to the power system, these technologies would then offset the need for extensive deployment of gas turbines. It is therefore important to conduct modelling studies to determine the effect of different storage cost projections and sector coupling on the future demand for imported LNG for the power system. The results of such investigations will inform decisions on the scale of investments that should be made into the required gas infrastructure for the power system. This paper presents a novel investigation into the effect of energy storage costs (Li-ion batteries) on the least cost energy mix for South Africa as well as the demand for natural gas. A high level analysis of opportunities for creating flexible demand through sector coupling is also presented for the case of residential Electric Water Heating (EWH) and Electric Vehicles (EVs).
II. SECTOR COUPLING AND ENERGY STORAGE
Analysis conducted by Roos [1] , based on the greenhouse gas inventory by the Department of Environmental Affairs [2] , showed that the electricity sector accounted for 51.6% of South Africa's direct emissions in 2010, whilst transport (8.2%), liquid fuel refineries (9.6%) and industry (12.2%), accounted for a combined 30% of direct greenhouse gas emissions. It is therefore critical to consider decarbonisation of not only the electricity sector, but also other energy enduses that contribute to emissions such as transportation and heat demand (residential, commercial and industrial). expected daily EV fleet charging patterns, a conservative assumption of 10% of all EVs were assumed to be available in any hour of the day for use as a flexible option only accessing stored energy in excess of daily transportation consumption. More detailed studies on vehicle driving patterns are planned at the CSIR Energy Centre for future work. Table III presents the results of the high level EV analysis. The results show that in the case of 10-million electric vehicles by 2050, in excess of 100 GWh/d could be available as flexible demand. The study assessed the implications of intraday control of electrical vehicle charging as a demand response opportunity. Further opportunities also exist to access stored energy and inject such back into the grid, although vehicleto-grid is currently not considered. 
C. Reserve Requirement
The reserve requirements made for both scenarios were based on the publically available Eskom Ancillary Services Technical Requirements for 2017/18 -2021/22 document [14] . From 2022 onwards, the Instantaneous, Regulating and 10-Minute reserve requirements were increased as a function of both the increasing electricity demand and guidelines in [14] regarding the largest single contingency. In the expansion planning model, a total operational reserve is modelled which is the sum of Instantaneous, Regulating, 10-Minute, Supplemental and Emergency reserves. In order to remain conservative, the reserve requirements were increased for Scenario B due to the higher renewable energy penetration but no studies were performed to verify these reserve requirements. Therefore it should also be noted that the system reserve requirements assumed for each model have increased from Scenario A (5.6 GW by 2050) to Scenario B (9.6 GW by 2050).
IV. RESULTS AND DISCUSSION

A. Flexibility Resources
Results for Scenario A and B are presented in Figures 8 and 9 respectively in terms of installed generator capacity, while the energy mix for 2050 is presented in Table IV . The leastcost models for both scenarios show a significant deployment of solar PV and wind as the bulk source of electrical energy supply. Naturally the low cost of solar PV, batteries and to an extent wind in Scenario B, result in a changing energy mix from that of Scenario A. The installed capacity of 55 GW solar PV and 60 GW wind in Scenario A is increased to 81 GW solar PV and 72 GW wind in Scenario B.
In the context of this paper, the focus is placed on the flexibility resources that are built as an outcome of the least cost optimisation for each of the two scenarios. These include: pumped hydro, batteries, biomass/-gas, peaking open cycle gas turbines (natural gas), combined cycle gas turbines (natural gas) and CSP. Figure 8 shows that at the assumed costs for Scenario A, no battery storage is built. Instead, flexible generation in the form of CCGTs using natural gas is chosen as the more cost effective option. A total of 12 GW of CCGTs natural gas turbines are built in this scenario by 2050, which generate 9% of the total energy. A total of 26 GW of OCGTs are built, but these only generate 3% of total energy, as shown in Table IV. In contrast, Figure 9 shows that Scenario B deploys extensive amounts of battery storage, with an installed capacity of 17 GW (48 GWh) by 2050. This extensive deployment of stationary storage in the form of batteries in Scenario B offsets a significant portion of gas fired generation deployed in Scenario A. It should be cautioned that it is not only the assumed future low-cost of battery storage but also the very low-cost solar PV that drives the extensive deployment of batteries in Scenario B.
V. CONCLUSIONS An integrated energy system based on low-cost electricity from wind and solar PV has the potential to decarbonise electricity, heat and transportation in South Africa. In this paper the concept of sector coupling, combined with various forms of energy storage were presented. An analysis of residential heat demand demonstrates the potential for coupling of heat to electricity, with approximately 70 GWh/day available for demand shaping. Should South Africa see a high uptake of 10-million electric vehicles by 2050, the development of a smart charging network could allow for a further 100 GWh/day in flexible demand. The results from two scenarios with high penetrations of renewable energy were presented where wind and solar PV dominated as technologies. The results show that if battery costs do not decrease it is more feasible to utilise flexible generation from natural gas fired combustion turbines. However, with more aggressive cost reductions for wind, solar PV and batteries, an extensive 17 GW/48 GWh of storage is deployed by 2050. The deployment of batteries has the potential to reduce the LNG offtake from 8.3 mmtpa to 2.6 mmtpa in 2050 in the modelled scenarios.
Despite the extensive deployment of storage, a significant 55 TWh of energy from solar PV and wind is optimally curtailed when considering only the electricity sector. Therefore, effective sector-coupling could make extensive use of this curtailed energy in a number of ways to be identified as part of future research.
APPENDIX A MODELLING METHODOLOGY EXPANDED
This appendix provides details on modelling framework used in this study. As shown in Figure 12 the modelling framework (PLEXOS®) considers all cost components explicitly, including: overnight capital cost, construction time, capital phasing schedule, Fixed Operations and Maintenance (FOM), Variable Operations and Maintenance (VOM), fuel costs and efficiency (heat rate). In order to attain the generation profiles for wind and solar, profiles for 27 supply areas (defined by Eskom) were aggregated into one wind and one solar profile [12] .
For this paper all costs were based on the draft IRP 2016 document [4] . Due to availability of real world PPA prices, which are a proxy for real LCOE, the specific CAPEX costs for wind and solar PV are reverse engineered using the approach outline in Figure 13 . A summary of relevant generator and storage costs is presented in Tables V-VIII. 
APPENDIX B EXEMPLARY WEEKS
An example week showing the dispatch of the optimised energy sources for Scenarios A and B in 2050 is illustrated in Figure 14 and 15 respectively. It should be noted that the same week is illustrated, and the variations in dispatch are due to the different optimal energy mix for each Scenario. The comparatively lower levels of renewable energy penetration in Scenario A result in no curtailed energy, and the required flexibility is achieved via demand response, gas, hydro, and the downward dispatch of coal. Demand response with excess midday PV energy provides increased flexibility without the need for battery storage. However, in Scenario B ( Figure  15 ) the increased renewable energy penetration results in substantial excess energy that would otherwise be curtained. In that Scenario B the deployment of 3h battery storage combined with demand response enables the cost effective shifting of excess midday energy (from PV) into periods that would otherwise have been supplied by gas. ' 
